A single laser-induced cavitation bubble in transparent liquids has been studied through a variety of experimental techniques. High-speed video with varying frame rate up to 20 × 10 7 fps is the most suitable to study nonsymmetric bubbles. However, it is still expensive for most researchers and more affordable (lower) frame rates are not enough to completely reproduce bubble dynamics. This paper focuses on combining the spatial transmittance modulation (STM) technique, a single shot cavitation bubble and a very simple and inexpensive experimental technique, based on Fresnel approximation propagation theory, to reproduce a laser-induced cavitation spatial dynamics. Our results show that the proposed methodology reproduces a laser-induced cavitation event much more accurately than 75,000 fps video recording. In conclusion, we propose a novel methodology to reproduce laser-induced cavitation events that combine the STM technique with Fresnel propagation approximation theory that properly reproduces a laser-induced cavitation event including a very precise identification of the first, second, and third collapses of the cavitation bubble.
INTRODUCTION
Laser induced cavitation (LIC) is a fast and complex phenomenon which has been studied from a variety of perspectives in order to develop new potential applications. Laser cavitation dynamics in liquids integrates several processes such as photodisruption, shockwaves generation, bubble growth and collapse, rebounding bubbles, sonoluminescence [1] , and high-speed liquid jets formation [2] . Its use in medicine has led several studies about cavitation-tissue interactions, i.e., cell damage [3] , tissue cutting [4, 5] , biomaterial remotion [5] , and lithotripsy [6] . The LIC phenomenon starts after a dielectric breakdown, which is defined as a fast material ionization, it occurs when a substance that is a poor conductor of electricity is strongly ionized by absorption of electromagnetic energy [7] . This physical mechanism for bubble generation is reviewed in [8] and references therein.
The growth, collapse, oscillating behavior of the cavitation bubbles, jet formation, and luminescence have been studied using different techniques, e.g., time-resolved shadowgraphy (TRS) [9, 10] , photomultiplier tubes [11] , Schlieren photography [12] , high-speed photography [9, 13] , streak camera imaging (SCI) [10, 14] , interferometry [15] , and beam deflection probe (BDP) [16, 17] , among others. Recently, the spatial transmittance modulation (STM) technique was reported [18] for the study of LIC phenomenon, this technique delivers a fast photodiode electric trace that contains the whole bubble dynamics in a single shot, including bubble growth, collapse, and subsequent growth and collapses. Table 1 shows a classification of LIC characterization techniques, taking into account the data acquisition method and number of cavitation events required to retrieve the whole bubble dynamics. The disadvantage of imaging techniques, such as TRS and SCI, is that they require time-consuming image processing; those techniques are suitable for monitoring irregular LIC dynamics. The disadvantage of methods that require multiple bubbles, like TRS and BDP, is that each LIC event fluctuates from shot to shot [19] ; therefore, reconstruction of the LIC dynamics through these methods produces only an average over many similar events. As an advantage, the STM technique produces a fully characterized LIC event on a single laser shot in a very fast manner, and with precision as high as the sampling rate of the oscilloscope used (1 × 10 7 samples per second in our case). The latter is particularly important in respect to capturing the exact bubble collapse time. A limitation of the STM technique is that the bubble must be smaller than the probe beam and is useful for symmetric bubbles only.
The present paper focuses on taking advantage of the STM intensity signal, i.e., the electrical trace in order to calculate the bubble radius evolution on time rt using the Fresnel approach. The main advantage of this novel method is its experimental simplicity and low cost to reproduce LIC dynamics at 1 × 10 7 samples per second, which is fast enough to resolve LIC events much better and with superior features to what it can be achieved through video at 75,000 fps. Brujan et. al. [9] used video recording at 20 × 10 7 fps to observe the collapse of an ultrasound-driven bubble cloud near a solid boundary. While video at 20 × 10 7 fps has a better time resolution to study bubble cloud collapse than that of the STM technique, its high cost is prohibitive for most researchers. It is pointed out here that the time resolution of our technique can be easily increased up to 1 × 10 9 samples per second with an appropriate oscilloscope setting and photodetector capabilities.
MATERIALS AND METHODS
A. Experimental Setup Figure 1 shows the experimental setup used to monitor plasma mediated cavitation bubble dynamics. It combines the STM technique and a high-speed video system [18, 20] . Bubbles were produced by the pump laser, a Q-switched, 532 nm (frequency doubled), Nd:YAG, running at 10 Hz repetition rate with energy per pulse up to 820 μJ 57 μJ. The probe beam for the STM technique was provided by a 632.8 nm, 0.5 mW, continuous wave, He-Ne laser.
These two beams were brought collinearly to a glass cuvette, containing distilled water, by means of a dichroic mirror; the combination of lenses L1 (f 100 mm) and L2 (f 25.4 mm) allowed to focus the pump pulse within the water, while the probe beam passed collimated through the cuvette with a 1150 μm diameter (FWHM). A third lens L3 (f 75 mm) focused the probe beam onto a 1 ns rise time photodiode, while a long-pass filter positioned in front of the photodiode blocked out the transmitted light from the pump pulse.
High-speed video frames were acquired orthogonally to the pump-probe propagation direction using a Phantom MIRO M/LC310 camera at 75,000 fps. A 408 nm, 4 mW laser diode provided the illumination for the video; the image was formed using lenses L4 (f 200 mm) and L5 (f 7 mm).
In our experiments both techniques, the STM and highspeed video, were run simultaneously. For that aim, the pump laser Q-switch external trigger was synchronized to both the camera and the oscilloscope using an electronic trigger delay/ pulse generator (DG645; M/s Stanford Research Systems).
B. Bubble Radius Estimations from the Fresnel Approximation Analysis
Figure 2(a) depicts the optical path of the collimated probe beam (HeNe at 632.8 nm) through three optical planes (bubble, lens and photodiode) that affect the STM probe beam propagation. In order to numerically calculate the intensity measured by the photodiode at plane P 3 , we first obtained the field distribution at the plane P 2 , that is, the diffracted field due to the bubble, and then the field distribution at the plane P 3 , where the lens L3 had focused the diffracted field obtained at P 2 . Both field distributions were calculated using the Fresnel Approximation Diffraction Integral (FDI) [21] starting at plane P 1 . In consequence, a theoretical STM trace corresponding to the intensity at the photodiode plane P 3 was computed by integrating the intensity distribution at the plane P 3 .
The incident plane wave with a Gaussian amplitude profile illuminating the bubble is given by Eq. (1):
where E inc is the incident electric field, and w is the beam waist size. The bubble introduces a phase delay into the incident wave front proportional to the optical path, we consider that the index of refraction inside the bubble is isotropic. Let the thickness of the bubble at any given position x 1 ; y 1 be Δ b x 1 ; y 1 and Δ m x 1 ; y 1 the thickness of the remaining medium between the two planes P b1 and P b2 inside the bubble aperture, see Fig. 2(b) . We consider the observation distance, that is z 1 (distance from the plane P 1 to the plane P 2 ), to be much larger than the wavelength. This consideration is necessary according to Goodman [21] . Our experiment setup always fulfilled the condition to apply the Fresnel Approximation Diffraction Integral. Thus, the total phase delays introduced to the incident plane wave are given by Eq. (2). This relation includes the refractive indexes of water (1.35) and water vapor (1.000087 at 500°C). Both refractive index values were calculated for 1 atm, external pressure and λ 589 nm, according to Schiebener et al. [22] :
where n m and n b are the refractive index of the medium and the bubble, respectively, ϕ is the phase shift in terms of the optical path, k is the wave number, and R is the radius of the bubble. We can also write the effect of the bubble on the phase front of the probe beam as a multiplicative phase term given by φ b in Eq. (3):
Then, the product of the complex amplitude directly in front of the bubble and the phase transformation φ b , produces the complex amplitude E b right after the bubble, given by Eq. (4):
The mathematical forms of the thickness functions are given by Eqs. (5) and (6):
To find the complex amplitude distribution at the plane P 2 , we applied the FDI as Eq. (7):
x 1 x 2 y 1 y 2 dx 1 dy 1 :
To numerically calculate the complex amplitude at any given point, we interpreted Eq. (7) as the Fourier Transform of the complex field right after the bubble, multiplied by a phase factor and evaluated at the spatial frequencies f x x 2 ∕λz 1 and f y y 2 ∕λz 1 , then we can rewrite the Eq. (7) as Eq (8) 
where Px; y is associated with the lens pupil function Px; y defined by Eq. (10):
Px; y 1 inside the lens aperture 0 otherwise :
Determination of the bubble radius as a function of time involves the development of a computational algorithm based on the theory described in Eqs. (1)- (10) to calculate the complex amplitude at planes P 2 and P 3 combined with the normalized experimentally obtained STM signal. The inputs for the algorithm were propagation distances (z 1 and z 2 ), the probe laser wavelength (λ), the probe beam size (w), the focal distance of lens L3 (f ), a proposed bubble radius increment (ΔR), time step (Δt), and experimentally acquired STM signal data, as described in the flow chart of Fig. 3 .
Integration of the complex amplitude at plane P 3 represents the light intensity that reaches the photodetector, which is maximum at t 0 when there is no bubble, and decreases when some bubble radius is introduced. The theoretical intensity at the photodetector when there is no bubble is referred to as I 0 . For a time t 1 with a specified time step Δt, the algorithm proposes a bubble radius R 1 and integrates the light intensity that reaches the photodetector; the result of such integration divided by I 0 is the I 1 value; such theoretical I 1 value is compared against the corresponding intensity value of the experimentally obtained STM signal at t t 1 . If the integrated intensity is larger than the experimentally obtained, a larger R 1 value is proposed until both the theoretically integrated and the experimentally obtained intensities match. The process is continuously repeated for a new time t 2 and so on until a plot of calculated bubble radius as a function of time Rt is obtained.
The effect of the water vapor refractive index values at temperatures ranging between 100 and 500°C was verified. It was found that because the difference in refractive index value between 100 and 500°C is 0.000101, it does not affect the final result of the simulation. A comparison between the reproduction of bubble dynamics using refractive index values of water vapor at 100 and 500°C is shown in Fig. 4 . Laser pulse energy in this figure is 1800 μJ. As this figure serves for demonstration purposes only, it displays one out of 16 data points that our code simulates based on the information provided by the STM oscilloscope trace. Figures 5(a)-5(c) show the intensity distribution calculated from the complex amplitudes just before the lens (L3); it was possible to observe a pattern of light that looks very similar to some of the experimental shadowgraph features [ Fig. 5(d) ], for instance, the light that is transmitted through the bubble center which is not deviated as the rest of the light beam. We could refer to these plots as theoretical shadowgraphs.
RESULTS AND DISCUSSION
In the shadowgraphy experiments the central portion of the wavefront (of the probe beam) crosses two interfaces at normal incidence: (a) water to gas and (b) gas to water. For a small cross 
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normally incident, which allows the light to pass through the bubble without being refracted; therefore, for any bubble size there is always a light spot right at the bubble center; this feature is reproduced in the theoretical shadowgraphs just as it appears also in our experimental laser pump-probe shadowgraphs [20, 23] [ Fig. 5(d) ].
During the experimental data collection, the oscilloscope traces and the high-speed video images were saved together for later frame-by-frame analysis, providing insight of the bubble dynamics phenomenon all in a single shot. Figure 6 shows the correspondence between the STM signal (black solid line) and measured radii with the high speed camera (blue circles); it must be noticed that the 75,000 fps video was not able to detect the exact instant of the bubble collapses, it missed the first, second, and the third collapses, while the STM trace shows this very clearly and precisely.
The complementary computational algorithm based on the FDI propagation theory properly reproduces the laser-induced cavitation event; it makes it possible to determine the bubble radius dynamics preserving the STM trace time resolution, about 1 × 10 7 samples per second. A direct comparison between experimentally measured bubble radius (blue circles) taken from the high-speed (75,000 fps) bubble shadowgraphs, and the numerically computed bubble radius (red dashed line), which are based on the experimental STM trace, shows very good agreement. The slight deviation from the experimental data points might be explained by the fact that the bubble growth/collapse process is rather complex and includes: a very small size in the beginning (favors diffraction effects), a hot plasma and unstable gas and vapor (favors scattering); later an inhomogeneous mixture of "noncondensable" gases and vapor [6] give place to a inhomogeneous refractive index across the bubble. Even when the inner gas mixture pressure is assumed to be uniform, the inner gases temperature and density distribution are not [24] . Thus, the bubble index of refraction that depends on the temperature and density distribution is nonuniform. Therefore, it is quite remarkable that even considering a homogeneous refractive index for the FDI computation in our model, it reproduces the bubble evolution both in space and time very close to the one experimentally measured.
CONCLUSIONS
A novel analysis of the laser-induced cavitation phenomenon is presented in this paper, which contributes to the field of cavitation by adding knowledge to the current characterization techniques. The analysis presented here allows for reproducing the whole dynamics of a symmetric cavitation bubble event. It provides the bubble size as a function of time, and the first, second, and third collapse times through a very simple and inexpensive experimental method combined with the FDI theory.
Having a reliable method to determine the bubble size and the precise collapse times is very relevant since these two quantities are related to some of the system parameters, for instance, the maximum radius of the bubble or the collapse time are closely related to the bulk water pressure. Therefore, by knowing the bubble evolution accurately, one can estimate some unknown parameters of the system, which may be the case for some cavitation applications in medicine or biophotonics.
We must point out that working our FDI approach under the assumption that the refractive index is uniform for both the bubble content and the surrounding water is far from the real refractive index for those two regions. Instead, the refractive index of water surrounding the bubble depends on density and temperature [22] ; both water parameters are affected by the bubble wall displacement and by the thermal energy exchange with the bubble contents. The refractive index within the bubble also varies with time mainly due to the changes of pressure and temperature. Therefore, it would be our next goal to develop a good method to dynamically estimate the actual refractive index of water in the close proximity to the bubble wall and also the refractive index within the bubble. These would improve our Fresnel propagation approach prediction of the cavitation bubble dynamics.
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